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Abstract 
We present a novel photonic wire-to-slot waveguide coupler in SOI. The phase matching 
between a wire and slot mode is achieved using a mode transformer. The architecture consists of 
a balanced 50/50 power splitter and a tunable phase matched taper combiner forming a slot 
waveguide. We show a theoretical wire-to-slot coupling efficiency of 99 % is achievable and 
experimentally, we demonstrate a coupling efficiency of 99 % in the 1550 nm band. Based on the 
coupling scheme, we also show excitation of a slot mode in a slotted ring resonator and verified 
the excitation through the thermo-optic response of the rings. We show a nearly athermal 
behaviour of a PMMA filled slot ring with a thermo-optic response of 12.8 pm/◦ C compare to 43.5 
pm/◦ C for an air clad slot waveguide. 
1 Introduction 
Integrated photonics, in particular, Silicon photonic is an excellent platform for sensing applications. 
It provides exemplary advantages of compactness, scalability, high sensitivity, and selectivity to 
realise an on-chip fluid and gas sensing platform [1, 2, 3, 4, 5]. Integrated photonic based sensors rely 
on light-matter interaction to detect the presence of an analyte. These interactions can result in 
absorption, scattering or emission of light; and when described as a function of wavelength, gives 
direct fingerprint of the analytes present [5]. Wire and Ridge waveguides were primarily used for 
surface sensing, however, in trace gas sensing, it is essential to have high light-matter interaction with 
the bulk of the analyte as well, for better sensitivity [6]. It has been shown that for larger light-matter 
interaction, slot waveguide is an ideal candidate [7]. Slot waveguide owing to its inherent ability to 
confine large fields (>40 percent) in low-index medium allows higher bulk interaction compared to 
wire/ridge waveguides. This has lead to exploitation of the slot-waveguide for non-linear, athermal 
device and sensing applications [8, 9, 10]. However, high-index contrast between Si and slot-gap 
results in higher propagation loss due to scattering along the sidewalls [11]. Nonetheless, it can be 
mitigated by post-fabrication treatments [12, 13]. Slot waveguide also suffers from coupling loss 
because of modal mismatch between wire and slot waveguide in direct butt coupling scheme. Recent 
reports shows various schemes to reduce coupling loss; asymmetric taper, inverted taper and Multi-
Mode Interference coupler [14, 15, 16, 17]. However, these schemes require challenging device 
dimensions;< 50 nm, making it difficult to fabricate. Furthermore, device tolerance to fabrication 
imperfections restricts the applicability of the scheme[18]. 
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In this paper, we propose a novel scheme where the coupling between a wire and slot waveguide 
is achieved using a split-and-combine scheme. The proposed scheme is the most versatile and robust 
wire-to-slot waveguide coupling reported with a coupling efficiency of -0.06 dB. We present a detailed 
design, tolerance analysis, experimental demonstration and verification of the slot mode excitation. 
We further demonstrate nearly athermal behaviour of the slot ring resonator by exploiting the high 
field confinement in the slot based on the low TOC 12 pm/◦ C of a slotted ring resonator with 
polymethyl-methacrylate (PMMA) a negative thermo-optic material as an upper clad. 
2 Design and simulations 
A slot waveguide consists of two strip/wire high-index rail separated by a low-index gap [7]. At the 
boundary between the low- and high-index medium, the normal component of the Transverse 
Electric field (TE) redistributes to maintain continuity, which causes higher field confinement in the 
low-index material. The field enhancement inside the slot is directly proportional to the index 
contrast between the rail and the gap. Figure 1 shows the E-field distribution and effective index of a 
conventional wire waveguide and a slot waveguide in SOI. Since the mode field and the propagation 
constant of the wire and slot modes are different, coupling light between these two is a challenge. 
Figure 2(a) shows the proposed wire-to-slot coupling scheme. 
The scheme consist of a wire waveguide that is split into two single mode waveguides with a Y-
splitter. The split phase matched waveguides are then brought close together to form a slot 
waveguide. Figure 2(b) shows the 3D FDTD simulation of the proposed coupler. 
 
 
Figure 1: Electric field distribution profile of the two waveguide configurations, (a) Wire waveguide 
(W = 450 nm, T = 220 nm), (b) Slot waveguide (W = 260 nm, gap = 120 nm, T = 220 nm), and (c) 
Effective index of slot waveguide (air clad) as a function of slot width (Wslot) and gap. 
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Figure 2: (a) Schematic of the proposed wire-to-slot coupler, (b) Simulated E-field (V/m) distribution 
(3D FDTD) and excitation 100 nm gap slot waveguide mode, and (c) Effective index and electric field 
evolution at different cross-section points along the length of the coupler. 
Figure 2(c) (inset 1-5) illustrates the effective index (neff) and E-field evolution at five different 
cross sections along the length of the coupler. As the two wire waveguides were brought closer to 
form a slot, the system behaves like a single waveguide where the mode is distributed between the 
two waveguides resulting in higher neff Figure 2(c) (inset 1,2,3). As the waveguide width is linearly 
tapered from 450 nm to 260 nm, the neff decreases resulting in phase matching with the slot mode 
Figure 2(c) (inset 4, 5). An optimised coupler has a simulated coupling efficiency of 99.45, 96.01 and 
95.54 % for a slot gap of 100, 120 and 140 nm respectively. The Coupling Efficiency (CE) is calculated 
as the total power at the output (Pout) to the total power in the two bend waveguides (Parm1 + Parm2), 
given as, CE = Pout/(Parm1 + Parm2). It can be observed that coupling efficiency as high as 99% can be 
achieved with the proposed scheme. For the efficiency calculation, ideal power splitting scenario is 
considered. Nevertheless, fabrication and thickness non-uniformity can lead to reduction in the 
coupling efficiency due to phase mismatch in the arms. The robustness and tunable nature is 
presented in the following section. 
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2.1 Sensitivity and tolerance 
 
Figure 3: Effect of width and length variation of the phase matched arms on the coupling efficiency. 
Unlike any reported couplers, the proposed configuration is tunable. Any fabrication non-
uniformity in the phase matched waveguides could result in a reduction in the coupling efficiency. 
However, one can use thermo-optic tuning in the split waveguide section to compensate any phase 
mismatch. Figure 3 shows the effect of coupling efficiency when the length of one of the arm is 
changed while rest of the parameters were kept optimal and constant. The change in the length or 
width of the split waveguides creates a phase imbalance and result in non-optimal excitation or 
coupling of the slot mode. For a length difference of 1 m between the arms, we observe only a 3% 
reduction in the coupling efficiency. Similarly, the effect of waveguide width variation also results in 
3% reduction in coupling efficiency for a linewidth variation of 25 nm, which is more than 5% 
variation. 
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3 Experimental and Measurements 
 
Figure 4: (a) SEM image of a fabricated wire-to-slot coupler with grating coupler and (b) Optical 
image of a slot ring resonator (Wslot/gap = 260/140 nm); inset: SEM image of the coupling region 
between the slotted bus waveguide and ring resonator. 
The device is fabricated in an SOI wafer of 220 nm device layer on 2 m buried oxide. To 
demonstrate the coupling scheme, a test structure consisting of a wire-to-slot coupler along with a 
slotted ring resonator was designed and fabricated. The light is coupled in and out of the chip using 
shallow etched grating coupler. The pattering is done using electron beam lithography and 
Inductively Coupled Plasma-Reactive Ion Etch (ICP-RIE) process. The waveguides and gratings were 
patterned using ma-N-2401 and PMMA-A4 920 resist followed by 220 nm and 70 nm Si etch using 
ICP-RIE process. Both the etch process is done using C4F8 and SF6 gas chemistry. Figure 4(a) and 4(b) 
shows the fabricated wire-to-slot waveguide coupler and microscope image of a 60 m diameter 
slotted ring resonator in SOI. 
 
Figure 5: (a) Spectral response of a PMMA filled slotted ring resonator; (b) Insertion loss measured 
at three different Y-splitter arms. 
The fabricated slot waveguide devices were characterised using a tunable laser and a power in 
the 1550 nm band. Figure 5(a) shows the normalised transmission spectrum of the fabricated slotted 
ring where the slot waveguide is excited by the proposed wire-to-slot coupler. Normalisation 
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removes the loss due to fibre-chip couplers. We observed an insertion loss of ˜ -3.5 dB with a maximum 
extinction ratio of -27 dB. We measure a group index of ˜3.17 around 1550 nm which agrees well with 
the simulated fundamental slot mode group index of 3.12. The group index confirms the excitation of 
the propagating slot mode by the proposed coupler. We attribute the insertion loss to the propagation 
loss in the slot waveguide and Y-splitter. Figure 5(b) shows the insertion loss of the Y-splitter 
extracted from the Y-splitter chain shown as an inset in Figure 5(b). An insertion loss of 0.5 dB is 
measured per splitter/combiner. In the test circuit, we use a splitter and a combiner resulting in an 
insertion loss of -1 dB. On the other hand, the propagation loss of slot waveguide is determined by 
using cutback method. A propagation loss of -2.44 dB was measured for a 300 m long slot waveguide 
that was used in the test circuit. Therefore, by normalizing the ring response with respect to the 
insertion loss of Y-splitter (1 dB) and slot waveguide propagation loss (2.44 dB), we can conclude 
that the proposed strip-to-slot coupler design has an insertion loss of 0.06 dB or a coupling efficiency 
of 99%. 
4 Temperature dependence of Slot waveguides 
In this section, we present an additional verification of the slot mode excitation using the thermo-
optic property of the slot waveguide. It is known that Si has a high TOC ((1.86×10−4/◦ C) ), however, 
by using a negative TOC cladding material one can realise am athermal circuit. It has been shown, 
athermal circuits can be built by infusing a negative thermo-optic coefficient (TOC) material in the 
slot waveguide [8, 19, 20]. Athermal circuits are essential for circuits to operate in dynamically 
varying thermal scenarios. For a given waveguide system, the equivalent thermo-optic coefficient 
(TOC) of a waveguide system is a superposition of the TOC of the individual materials, which is given 
by [8], 
 
 
(1) 
Where,  is the TOC of the i-th material. The TOC of the core, upperclad, bottom-clad are 
represented as , respectively. Γi is the confinement factor of the 
individual materials. Equation (1) indicates that the overall TOC is highly dependent on the 
confinement factor. Figure 6(a) shows the neff at various temperature of a PMMA filled slot waveguide. 
Figure 6(b) shows the confine factor as a function of slot waveguide gap. As the gap decreases the 
light confined in the slot increases. With a negative TOC material as top clad, simulated thermo-optic 
response shows an athermal operation at a slot gap of 120 nm. For gaps larger than 120 nm, we 
observe an under compensation while for smaller gaps we observe an over compensation. The 
compensation depends on the magnitude of the negative TOC of the cladding material, in this example 
PMMA with a TOC of -1×10−4/◦ C is used for the calculations. Taking ring resonator as an example, we 
investigate the shift in the resonant wavelength with temperature change. The thermal response of 
the resonant wavelength (λr) is expressed as follows [19]. 
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  (2) 
Where, λr is the resonant wavelength, ng is the group index. αsub is the thermal expansion 
coefficient of the substrate. Since the magnitude of αsub (10−7/◦ C) is small, the influence of thermal 
expansion of the substrate (SiO2) on the resonance shift is minimal. The  for the fundamental TE 
mode is calculated by substituting  into eqn. (2); where, the values of  is calculated using a 
mode-solver. Figure 6(b) shows the athermal operation  is zero at slot width and gap of 240 nm 
and 120 nm respectively. 
 
Figure 6: (a) Simulated slot-gap influence on the TO effect of the slot waveguide with a slot gap of 120 
nm, (b) Evanescent field fraction and temperature dependency of the resonance of a PMMA filled 
slotted ring resonator and (c) Experimentally TO response of a slot and wire waveguide ring 
resonator. 
The slotted ring resonator fabricated earlier was covered with PMMA as upper clad and the 
resonance characteristics is measured at different chip temperatures. In this case, the chip was loaded 
on a temperature Table 1: Thermal response of slot and wire waveguide based ring resonator. 
Waveguide 
configuration 
Coupling Efficiency (%) 
Experimental Simulation 
Slot with PMMA 12.8 ± 1.0 9.417 
Slot Without PMMA 43.5 ± 2.3 44.46 
Wire Withour PMMA 77.5 ± 4.8 77.74 
controlled stage. Figure 6(c) shows the thermo-optic reponse of a PMMA filled ring along with a wire 
waveguide and slotted ring without PMMA for comparison. It can be clearly observed that PMMA 
filled slotted rings shows the minimal response to temperature change, showing a nearly athermal 
behaviour of ˜12.8 pm/◦ C. Table 1 compares the closely matching simulated and measured thermo-
optic response. 
5 Conclusion 
We have presented a novel wire-to-slot mode excitation scheme using a splitter and a tapered slot 
waveguide coupler. A coupling efficiency of 99% from a wire waveguide to slot waveguide is achieved 
at 140 nm slot gap. Experimentally we have shown slot mode excitation and verified it using 
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thermooptic behaviour of a slotted ring resonator. A low thermal dependence of slot waveguide ring 
resonator of 12 pm/◦ C is achieved, indicating high field concentration in the slot region. 
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